The Fresnel zone plate based Transmission X-ray Microscope (TXM) has been well recognized as one of the most powerful tools for non-invasive investigation of the inner structure of thick samples, with spatial resolution down to 15-30 nm [1, 2] . Thanks to the development of the nanofabrication technique [3] , x-ray zone plates can be designed and fabricated to work at different energy levels, covering a wide energy range from the "water window" [4] to around 25 keV [5] . As a result, Transmission X-ray Microscopes for both hard and soft Xrays have been reported at different facilities around the world [1, 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Many studies about the methodology and applications based on TXM system, including quantitative phase retrieval methods in TXM and biological study of cells using TXM, have also been presented [15] [16] [17] [18] [19] . While higher spatial resolutions are attained with the use of Fresnel zone plates characterized by larger diameter and smaller outermost zone width, the Depth-Of-Focus (DOF) of the objective zone plate decreases. The typical DOF of a water window soft xray TXM is below 10 μm [13, 14] for 60 nm resolution and decreases to about 1 μm for 20 nm resolution; while the corresponding value for a hard x-ray TXM operating at 8 keV is about 40 μm [1] . With continued improvement in spatial resolution, the DOF is further reduced. A small DOF can be considered as an advantage in performing optical sectioning [2] , however, it is considered as an important limitation for the reconstruction volume in 3D tomographic imaging since the DOF can be substantially smaller than the field-of-view (FOV) of the microscope.When mosaic TXM images of large samples are collected using raster sample scanning [1, 8] this DOF limitation becomes even more significant.
In this Letter, we present a Fast Discrete Curvelet Transform [20, 21] based algorithm for extending the DOF (also known as focus-stacking) [22] by analyzing the image stack taken in a sample scan along the optical axis. The feasibility of the method is confirmed with experimental data collected using a laboratory source based hard X-ray TXM system (nanoXCT by Xradia, Inc.). The possibility for application of the method using a synchrotron radiation based TXM system is also discussed.
The images were collected using a full-field transmission hard X-ray microscopy system installed at beamline 4W1A at the Beijing Synchrotron Radiation Facility (BSRF). The schematic experimental setup is shown in Fig.1 . Either synchrotron radiation or a rotating anode X-ray source can be used to illuminate an object in the TXM. In this experiment, we used an 8 keV Xray beam generated from a Rigaku 007 HF rotating Cu anode (Cu-K emission line) with 70 μm spot size. A capillary condenser with a beam-stop is used to produce a hollow cone illumination beam and focused to a spot of 50 μm at the object plane. A pinhole, installed between the exit window of the condenser chamber and the sample stage, was used to shape the illumination beam to reduce unwanted X-rays. A pair of stacked Fresnel zone plates of 75 μm diameter, 40 nm outermost-zone-width and measured combined efficiency of 12.2% was installed as the objective lens to achieve a magnification factor of about 45 in addition to the magnification achieved by the internal objective lens in the optical camera. The camera system consisted of a thin, high-efficiency scintillator crystal optically coupled to a Helium-cooled 1024 by 1024 pixel CCD detector (Photonics CCD) with 13 μm pixel size, corresponding to about 15.1 nm pixel size in the sample plane. The field of view was 15 μm by 15 μm, with a spatial resolution better than 50 nm as determined by the analysis of an Au Siemens test pattern. The depth of focus of the TXM system for diffraction limited imaging is related to the numerical aperture of the objective zone plate, quantitatively given by the following equation:
in which NA is the numerical aperture of the zone plate; λ is the wavelength of the incident X-ray; Δr n is the outermost zone width of the objective zone plate. With our geometrical parameters we estimate a depth of focus of ±20.8 μm for diffraction limited imaging. The specimen was constructed from two layers of 75 μm-thick polyimide membranes, each labeled with micro-sized Au particles on both sides, thus giving three separate layers of Au microparticles spanning approximately 150 μm along the propagation axis.It was significantly thicker than the DOF of the TXM system, resulting in both image blurring and a phase contrast effect due to the off-focal propagation for certain parts of the specimen. Transmission X-ray images were collected at a series of Z positions by scanning the sample along the optical axis with 15 μm sample Z motor step size of over a range of about 650 μm, ensuring that all features were in focus in at least one of the images of the entire stack. Four representative images from our sample Z scan are presented in Fig. 2 . As shown in this figure, the sample Z scan was begun at a position where the sample was completely off-focus, stepping through the in-focus positions of the front and back surfaces of the membrane, ending in a position where the sample was again off-focus.
In this work we proposed a Fast Discrete Wavelet Transform based on the focus-stacking algorithm to compose a fully-in-focus image from the image stack collected with a sample Z scan along the optical train. The three main steps of the focus-stacking algorithm are illustrated in Fig. 3(a) , with a magnified view of the composite fully-in-focus image shown in Fig. 3(b) . We emphasize here that the two Au particles marked with arrows in Fig 3(b) are on the same side of the membrane as the bottom-right particle cluster [indicated in Figs. 2 
(b) and 2(c)].
A detailed description of the algorithm can be illustrated in 4 steps as following: (i) A phase correlation algorithm [23] based on auto image alignment is used to correct errors due to possible misalignment of the sample Z motor with respect to the optical axis. (ii) A 2D Fast Discrete Wavelet Transform [20] [21] [22] is performed for each image in the stack:
in which F DW T is the 2D Fast Discrete Wavelet Transform function; img is the 3D matrix of the image stack; z is the index of the images and c j is the wavelet coefficient at scale j. (iii) A weighted average of the wavelet coefficients' stack is used to generate the composite wavelet coefficients set. The weighting factor is related to the normalized amplitude value of the wavelet coefficients, and is given by:
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in which W is the weighting factor; k is a positive integral depending on the image contrast and the signal to noise ratio. (iv) An inverse wavelet transform leads to the fully-in-focus image:
where IF DW T is the inverse 2D Fast Discrete Wavelet Transform function and img inf oc is the output image which is fully-in-focus.
The result presented in this letter was collected with a Cu rotating anode. The exposure time was 180 seconds with 2 by 2 pixel binning. Using the BSRF as X-ray source, the required exposure time would be reduced by a factor of about 20. It can be even shorter using a third generation synchrotron X-ray source (such as the SSRL). However, when using a synchrotron the off-focal Fresnel fringes will be enhanced due to the spatial coherence, resulting in sharper contour and complicating the focusstacking procedure. One way to overcome the problem is to install a spinning X-ray diffuser in the imaging system to blur the effects of spatial coherence.
In summary, we presented a focus-stacking algorithm to extend the depth-of-focus of a TXM. Based on the Fast Discrete Wavelet Transform method, the algorithm generates a fully-in-focus image by analyzing the image stack taken in a sample Z scan along the optical axis. The proposed method has been demonstrated using a data set collected using TXM system coupled to a laboratory X-ray source. Possibility and limitations of the method using a synchrotron X-ray source based TXM were discussed. This proposed function has also been included in a freely available software package [24] .
